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Abstract

The purpose of this study was to examine the effects of turbidity and temperature
on golden shiner critical swimming speed, and tail beat frequency, and how these
relationships might be altered when fish are in a group. It was found that both
temperature and turbidity positively affected critical swimming speeds; critical
swimming speeds increased significantly with rising temperature and turbidity values.
Tail beat frequencies increased with increasing temperature and turbidity, echoing the
rise in critical swimming speed. A group effect was only evident at the lowest
temperature for the highest turbidity, but tail beat frequencies indicate greater stress when
alone at the lowest temperature for all turbidities. But neither of these was present at the
turbidities at higher temperature. The absence of a group effect at higher temperatures
and turbidities was visible in both the mean critical swimming speed values, as well as
through statistical tests.

I

Acknowledgements
I would like to thank Jim Barksdale and the Sally McDonnell Barksdale Honors College
for the opportunity and the funds to pursue this endeavor, and in their unflagging support
throughout the process.
Thanks to Dr. Glenn Parsons for helping to guide me to and through this project, and the
seemingly unending patience with which you answered all my questions. This study
would not have been half what it was without you.
Thanks to my committee members, Dr. Brice Noonan and Dr. John Samonds, who so
generously donated their time and advice to the detriment of their convenience: I greatly
appreciate their support.
To Matt Gaylord, who took the time from working on his own project to help me through
the data analysis of mine, I am so deeply grateful. Without his assistance I would most
likely still be sitting on my living room floor, surrounded by excel sheets.
To my parents, without whom I would not exist, both in a literal sense and in the sense
that your love and support have allowed me to become the person that I am,I want to
thank for everything. I know that whatever challenges face me, I can always count on you
to be in my comer.
To Nick, for not only listening to me stress about this project for the last year, but also for
being there for me for my entire college career; I cannot imagine what the years would
have been like without you, but I know they would have been infinitely worse. I love
you.

Table of Contents
Abstract

11

Acknowledgements

111

List of Tables

V

List of Figures

,vi

Sections:
Introduction
Swimming performance
Temperature
Turbidity
Notemigonus crysoleucas
Group Effect and Fin Beats
Materials and Methods
Results
Discussion
Future work
References
Appendix

List of Tables

Table 1. Average critical swimming speeds of individual and group trials as they relate to
temperature and turbidity
Table 2. Average critical swimming speeds- with group and individual treatments
together - as they increase with temperature and turbidity
Table 3. Average caudal fin beats per minute for each treatment of temperature and
turbidity, for both individual and group trials

IV

List of Figures

Figure 1. Blazka et al. 1960 swim tunnel - half full. To the right ofthe picture is the
motor that provides the current. To the left is the cap on the end ofthe swim tunnel with
the flow meter attached
Figure 2. Critical swimming speeds of group and individual trials, sorted by temperature
Figure 3. The relationship between size and critical swimming speed
Figure 4. Critical swimming speed as it increases with increasing temperature
Figure 5. Critical swimming speed as it increases with increasing turbidity
Figure 6. Difference in mean critical swimming speed between the dark trial and
comparative light trial
Figure 7. The difference in caudal fm beat frequencies between the dark trial and the
comparative light trial
Figure 8. The relationship between tail beat frequency and speed for group and individual
trials over all three turbidities at 19°C
Figure 9. The relationship between tail beat frequency and speed for group and individual
trials over all three turbidities at 24°C
Figure 10. The relationship between tail beat frequency and speed for group and
individual trials over all three turbidities at 24°C

V

Introduction

Swimmin2 performance

The ability to swim is considered to be linked inextricably to an organism’s
ability to survive in an aquatic environment(Jones et al., 1974; Taylor and McPhail,
1986; Graham et al., 1990; Rome et al., 1992; Young and Cech, 1993; Stobutzki and
Bellwood, 1994; Swanson, 1998), influencing factors such as food capture, predator
evasion, and mate choice (Wolter and Arlinghaus, 2003; Ohlberger et al., 2006).
However, swimming performance not only provides a capacity for locomotion in a
natural setting, it can function as an important diagnostic tool in the laboratory for many
different fields of biology. Physiological aspects ofswimming performance have
received the majority of attention, with work on the effects of environmental factors such
as temperature (Otto and Rice, 1974), dissolved oxygen (Parsons and Carlson, 1998),
heavy metals(Atchison et al., 1987), and salinity (Randall and Brauner, 1991) having
been conducted on performance in many different species. There are studies concerning
the effects of morphology (Aivaz and Ruckstuhl, 2011)and behavior(Strange and Cech,
1992) as well.

General fish swimming performance is classified into three main categories
(Beamish, 1978), and these classifications still are providing the context for swimming
performance tests today(Adams et al., 2000; Nikora et al., 2003; Wolter and Arlinghaus,
2003; Ward et al., 2003; Mateus et al., 2008; Leavy and Bonner, 2009; Goertzen, 2011).
1

The three classifications are: sustained, burst, and prolonged swimming speeds. Sustained
swimming is defined as the speeds that a fish can maintain for greater than 200(Brett,
1967)or 240 min (Beamish, 1966). In a natural setting, these are the speeds that the fish
performs without muscular fatigue (fueled aerobically) such as cruising speed and the
speed required for routine activities like foraging and spontaneous swimming (Plant,
2001). Burst swimming is the highest speed of which fish are capable; these speeds can
be maintained only for a short period of time (less than 20 s; Beamish, 1978). Burst
swimming speeds generally are exhibited during startle behaviors like predator evasion or
maneuvering through a strong current(Reidy et al., 2000)and generally are considered to
be anaerobically fueled. Prolonged swimming speed is fueled aerobically and is
intermediate between these previous two swimming speeds(Nikora et al., 2003), being of
a shorter duration than sustained swimming speeds, but longer than burst(from 20 s to
200 min; Beamish, 1978). In a natural setting, telling prolonged from sustained
swimming speeds can be difficult because the point ofexhaustion is almost impossible to
determine (Plant, 2001), but in a laboratory setting, prolonged swimming speeds are
generally considered to be the easiest to study because fatigue is easily visible within a
swim tunnel (Beamish, 1978). Swim tunnels are useful for these studies because they
allow a precise replication of water velocities in a uniform environment and allow for the
observations of concurrent biological responses(Adams et al., 2000).

Within the category of prolonged swimming speeds there are three
methods for determining aerobic swimming capabilities - critical swimming speed (Brett,
1964), endurance (Beamish, 1978), and gait transition speed (Drucker, 1996). Critical
swimming speed has generally been the most widely used since Brett’s work in the
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1960’s(Beamish, 1978; Hammer, 1995; Kolok, 1999). After Brett(1964), to determine
critical swimming speed, a fish is placed in a flume or tunnel and is forced to swim
against a current at different velocities. While not stated in the original protocol,
experiments performing critical swimming speed tests typically give the fish a recovery
time of 8-12 hours post-handling to recover from the stress, although recently it has been
shown that recovery time can be as few as 1 -2 hours with no negative impact on critical
swimming speed (Kolok, 1991; Peake et al., 1997). Once the recovery period is complete.
water velocity is increased incrementally for a prescribed duration, and if the fish swims
that duration, velocity is increased again for the prescribed duration, and so on until the
fish exhausts and is swept towards the back ofthe tunnel(where generally there is a
screen to prevent the fish from being swept into the working section ofthe tunnel). Once
the fish impinges, the test ends and critical swimming speed can be calculated.

As with any laboratory measurement, the question of ecological relevancy is of
concern, and critical swimming speed is no different. However, as stated by Brauner et al.
(1994), even though limitations exist in the application of critical swimming speed due to
the inability to account for all the variables necessary for survival in a natural setting,
critical swimming speed provides a quantifiable and comparable index of the physical
status of the fish. Currently, critical swimming speed is considered to be the best
measurement ofswimming performance, both in its indication of the physical condition
ofthe fish, and its ability to predict ecological consequences (Plant, 2001).

3

Temperature

Ofthe many environmental factors that could potentially affect swimming performance
and critical swimming speed, temperature has received a large amount of attention,
currently particularly in light of global climate change. Scientifically, this makes a great
deal of sense as temperature (changing temperature, in particular) can have an effect on
many aspects of a fish’s physiology and life history (O’Steen and Bennet, 2003). Studies
concerning the consequences of changing temperatures on fish condition have seen
resulting effects in metabolism (Brett, 1964; 1969; 1979; Diana, 2004), respiration(Van
der Lingen, 1995), feeding (Hatawhay, 1927), growth (Hepher, 1978; Brett, 1979;
Coutant and De Angelis, 1983), and reproduction (Vlaming, 1975; Wilson, 2005; Wilson
et al., 2007). In the majority ofthese studies, the rates ofthe biological processes in
question typically accelerate with increasing temperature until they reach a critical
temperature, after which rates rapidly decline (Cossins and Bowler, 1987).

Given the general trend that is evident for other physiological and behavioral
conditions, and that swimming performance is often used as a whole-body indicator of
fish condition because it reflects smaller scale physiological changes(Arnold, 1983;
Bennett and Huey, 1990; Garland and Losos, 1994b), it comes as no surprise that
temperature has been shown to strongly influence different aspects of swimming
performance as well (Myrick and Cech, 2000; Herbing, 2002; Farrell, 2007). One
example of this is in burst swimming speeds, in which temperature increases have been
shown to increase significantly the rate of escape behavior in prey species(Temple and
Johnston, 1998; Wilson et al., 2010). However, it can be difficult to compare the results
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of temperature effects on swimming performance between studies because there are two
general means of testing temperature effects: through acute or acclimatory effects.

Acute testing is accomplished by acclimating a fish to a particular temperature,
then exposing that fish to temperatures that are either higher or lower than the
temperature to which they’ve been acclimated. An example of this is in testing the
temperature sensitivity in killifish {Fundulus heteroclitus) acclimated to 18°C, and then
challenged acutely at 5°, 18°, 25°, or 34°C to determine the effects of daily temperature
fluctuations on two different populations(Fangue et al., 2008). Fish are also acclimated
to a certain temperature in acclimatory effect testing, except in these tests, fish are tested
only at the temperature to which they’ve been acclimated, such as in the effects of
acclimation on muscle relaxation in carp {Cyprinus carpio)(Fleming et al., 1990).

Temperature effects on swimming performance have been shown to be highly
influenced by acclimatory periods(Leavy and Bonner, 2009). There are three major
hypotheses that predict the adaptive benefits of temperature acclimation: 1)that
acclimation should improve fitness at the acclimation temperature; 2)that there is an
optimal temperature that maximizes fitness; and 3)that fitness should improve with
increasing developmental or acclimation temperature. Support for each is varying, but the
latter hypothesis currently has the greatest support(O’Steen and Bennett, 2003). For
example, experiments performed on various species such as carp(Heap and Goldspink,
1986), tinfoil barbs {Puntius schwanenfeldii), river barbels {Barbus barbus)(O’Steen and
Bennett, 2003), and several salmonid species (reviewed in MacNutt et al., 2004) have
exhibited a positive relationship between temperature and swimming performance that

5

increases with acclimation temperature, up to some critical value, after which
performance declines.

The trend that is seen in general swimming performance is continued into the
more specific measurement of critical swimming speed. Many papers report seeing an
increase in critical swimming speed values in relation to increasing temperature
(Beamish, 1978; 1981; Hammer, 1995; O’steen and Bennett, 2003; Parsons and Smiley,
2003; Fangue et al., 2008), regardless of which testing method was used. This indicates
that temperature can affect critical swimming speeds in both acute and acclimatory ways.

Turbidity

While not as extensively covered as temperature, turbidity is another factor that
can influence fish condition and swimming performance (Wilson et al., 2010). The exact
definition of turbidity is variable, depending on the application of the study, but in this
context it is defined as the amount ofsediment suspended in the water column, measured
by Nephelometric Turbidity Units(NTU),as opposed to other causes of turbidity, such as
algal blooms(Wilson et al., 2010). The effects ofturbidity and differing turbidity regimes
have been studied in many applications and have been shown to affect a wide variety of
fish conditions and life strategies. In reproduction, because visual signals are so
important, turbidity can affect both mating behavior and reproductive success. Specific
studies have touched on turbidity’s influence on the extent of male-male aggression
(Candolin et al., 2008), affect the courtship activity of male fish (Engstrom and Candolin,
2007), affect the responsiveness offemales to male displays (Engstrom and Candolin,
2007; Candolin et al., 2008), effect spawning habitats, particularly for substrate spavmers
6

(Henley et al., 2000), and alter the intensity ofsexual selection (Seehausen et al., 1997;
Jarvenpaa and Lindstrom, 2004). Turbidity also has been shown to reduce growth in
steelheads {Salmo gairdneri) and coho salmon {Oncorhynchus kisutch)(Sigler et al.,
1983). Prolonged exposure to suspended sediment has even been shown to increase
mortality for arctic grayling {Thymallus articus), Atlantic silverside (Menidia menidid),
fourspine stickleback {Apeltes quadracus\ white perch(Morone Americana), yellow
perch {Pereaflavescens), American shad {Alosa sapidissima), striped bass {Morone
saxatilis), rainbow trout {Oncorhynchus mykiss), Chinook salmon {Oncorhynchus
tshawytscha), chum salmon {Oncorhynchus keta), striped killifish {Fundulus majalis).
sheepshead minnow {Cyprinodon variegatus), coho salmon, and carp(Newcombe, 1994;
Newcombe and Jensen, 1996).

However, most of these studies are concerned with prolonged exposure to
elevated turbidities. There are studies that deal with the more immediate, acute, effects as
well. A great majority of these turbidity studies are concerned with its role in altering
predator-prey interactions and general feeding behavior. Because turbidity has the
potential to alter visual and olfactory cues(Domenici et al., 2007), it can alter the
advantages held by either the predator or the prey, depending on the effects on their
respective detection abilities. Changes in turbidity have been shown to alter prey choice
in piscivores (Carter et al., 2010), alter prey capture success in piscivores (Robertis et al.,
2003), reduce foraging success in rainbow trout(Wolter and Arlinghaus, 2003), and alter
prey search behavior in cod {Gadus morhua)(Domenici et al., 2007).

Despite the extensive work that has been done on turbidity effects - both the
chronic and acute - very few studies deal with turbidity effects in the context of
7

swimming performance, especially with critical swimming speed. A single study
performed by Gradall and Swenson (1982), concerning turbidity effects on creek chubs
{Semotilus atromaculatus) and brook trout(Salvelinusfontinalis) revealed that both
species were more active in moderately turbid water. However, the majority ofthe few
studies that have dealt with this topic in this context again deal exclusively with predator
- prey interactions, in this case prey escape performance - both in escape speed and
turning ability. Increased turbidity levels have been shown to lower locomotor
performance of several prey species, reducing their potential escape success(Meager et
al., 2006; Wilson et al., 2010). However, no articles concerning turbidity effects on
critical swimming speed could be found; therefore, this study was designed to gauge
turbidity effects using critical swimming speed as an indicator of whole-body fish
condition under differing turbidity concentrations.

Notemi2onus crvsoleucas

The species used in this study was the golden shiner, Notemigonus crysoleucas.
Golden shiner is a widely distributed species, with a natural range that spans most ofthe
eastern United States(Page and Burr, 1991), but a much larger actual range that includes
the majority of the country, where they have been introduced as bait and/or forage fish
(Stone and Thomforde, 2001). Golden shiner are the most commonly raised bait minnow
in Mississippi, even though Arkansas - which has a multimillion dollar bait industry supplies most of the shiners for sale in Mississippi(Ross, 2001). Shiner are omnivorous
(Radcliffe, 1931; Moore, 1932; Ewers, 1934; Carter, 1947; Keast, 1968; Costa and
Cummins, 1972; Hall et al., 1979)crepuscular feeders, forming large schools that inhabit
8

the littoral zone during the day and move into the open water after sunset to forage (Zaret
and Suffem, 1976; Hall et al., 1979; Ehlinger, 1989). In the wild, N. crysoleucas can be
found in the deep, slow-water areas ofstreams, oxbow lakes, and reservoirs, both in areas
that are densely vegetated, as well as turbid (Scott and Crossman, 1973; Cooper et al..
1982; Ross, 2001).

A member ofthe family Cyprinidae, N. crysoleucas has a compressed fusiform
body shape with a deeply forked caudal fm with pointed tips, and a long, slender caudal
peduncle (Keast and Webb, 1966). They are subcarangiform swimmers(Webb, 1975;
Lindsey, 1978; Kaufinann, 1990), exhibiting swimming movements that are characterized
by body and tail oscillations along the lateral axis, in which the body encompasses one
half to one whole wavelength. Specific effects of environmental factors on golden shiner
swimming performance are rare, and for cyprinids in general, the information available
on general critical swimming speed also is scarce (Mateus et al., 2008).

A few studies have investigated turbidity or suspended sediment effects on
cyprinids (Sutherland and Meyer, 2007). Ofthese few available, it has been found that
growth rates of Whitetail shiner {Cyprinella galacturd) are severely reduced in high
concentrations of suspended sediment(Sutherland and Meyer, 2007), that fathead
minnow {Pimephales promelas)experience a decrease in predator response distance
under turbid conditions(Abrahams and Kattenfeld, 1997), that rosyside dace
{Clinostomusfunduloides) experience a reduction in reactive distance by 9% with a 10
NTU increase in turbidity (Hazelton and Grossman, 2009), and that creek chubs prefer
highly to mildly turbid water, but that even at moderate turbidities the latter engage in an
increase in activity over clear conditions (Gradall and Swenson, 1982).
9

Although turbidity effects on cyprinid swimming have not been extensively
covered, there have been a number ofstudies concerning the effects oftemperature on
cyprinid swimming, including studies on carp(Rome et al., 1985), goldfish (Carassius
auratus)(Johnson and Bennet, 1995), and Rio Grande silvery minnows {Hybognathus
amarus)(Bestgen et al., 2003). Golden shiner have been shown to be tolerant of a wide
range oftemperatures (Stone et al., 2004), but the general preferred temperature range for
golden shiner is in the low teens to the low twenties, with lethal temperatures varying
widely depending on acclimation (Alpaugh, 1972). They are a fairly common test
species, with a number of studies having examined their reactions to changing
temperatures (Alpaugh, 1972; Reutter and Herdendorf, 1975; Coutant, 1977; Cincotta
and Stauffer, 1984).

Group Effect and Fin heats

In addition to critical swimming speed, the role of two other aspects of fish swimming
behavior will be examined in this study: group effect and tail beat frequency. Schooling
is a vital component offish biology (Pitcher, 1993). Hypotheses for why fish school vary
from physical advantages, such as hydrodynamics(Weihs, 1975; Breder, 1976; Partndge
et al., 1983)to behavioral advantages like higher predator vigilance (Olsen, 1964; Eggers,
1976), but it has been shown that fish form schools as a result of many social and sensory
factors (Parker, 1973; Weihs, 1973; Pitcher et al., 1976; Partridge and Pitcher, 1980;
Partridge et al., 1983; Krause, 1993; DeBlois and Rose, 1996; Bumann et al., 1997).
Whatever the reason, benefits of schooling have been represented by groups of fish
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swimming for longer durations, with lower tailbeat frequencies and respiratory rates, than
fish swimming alone (Belyayev and Zuyev, 1969; Abrahams and Colgan, 1987;
Fitzsimmons and Warburton, 1992; Ross and Backman, 1992; Herskin and Steffensen,
1998; Svendsen et al., 2003). Golden shiner in particular have been shown to have
performed significantly better in terms of critical swimming speed when in groups than
when alone (Boyd and Parsons, 1998).

In addition to critical swimming speed, tail beat frequency can also act as another
indicator of locomotor performance (Goertzen, 2011). Tail beat frequency is the number
of caudal fin beats the fish completes in a certain period oftime. It is relatively
uncomplicated, and easily obtainable, making it a useful tool in evaluating fish activity.
In subcarangiform swimmers, a positive correlation between swimming speed and tail
beat frequency has been shown (Bainbridge, 1958; Hunter and Zweifel, 1971; Ohlberger
et al., 2007). Therefore, even though values can change between individuals based on
their position in the group, as well as based on oxygen consumption (Svendsen et al.,
2003), tail beat frequencies can provide important supplementary information when
assessing critical swimming speeds in fish.

11

Objectives

The objectives for this study were to use critical swimming speed as a wholebody indicator of fish performance and to determine how these values change with
increasing temperature and turbidity. In addition, we sought to determine what role group
effect played in determining critical swimming speeds over these varying environmental
factor regimes. Finally, we used tail beat frequency as a secondary indicator of fish
swimming performance, examining how these values change during different treatments
of individuals or groups, and increasing temperature and turbidity.

12

Materials and Methods

Study Subjects

Pond-raised N. crysoleucas were obtained from a bait shop Oxford, Mississippi
(Skymart Gas Station) and kept in a large holding aquarium in accordance with Protocol
12-011, approved by The University of Mississippi’s Institutional and Animal Care and
Use Committee. They were kept in clear water at the acclimation temperatures, regulated
1

by three general aquarium heaters placed throughout the tank. Light was ambient, and
photoperiod was uncontrolled. They were fed a generic flake food in the evening after
testing was finished. It has been shown that the digestive process can reduce critical
swimming speed (Niimi and Beamish, 1974), but the timing ofthe feeding was the same
every day, so the relationship between the critical swimming speeds should not have
changed as a function offeeding.

Apparatus

Swimming performance was tested using a Blazka et al.(1960)-style swim tunnel.
The tunnel was constructed from clear plexiglass, with a working section that was 20 cm
diameter and 90 cm length. The total volume ofthe tunnel was 109 L (Figure 1). The
flow filters were covered with plastic mesh to keep the test subjects from swimming
through them. Water was continuously forced through a central working area by a
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propeller attached to a variable-speed motor. Water velocity in the tunnel was determined
using a Marsh-McBimey electronic flow meter(model # 201D30).

Procedure

Samples were collected continuously throughout the day as time permitted. Prior
to testing, all fish were allowed a 1-hour acclimation period in the tunnel. To begin
testing, fish were chosen at random from the group in the holding tank and placed in the
swim tunnel. After a rest period of 10 minutes - during which the flow in the tunnel was
maintained at 5 cm/sec - the velocity was increased to 10 cm/sec for 15 minutes. If the
fish swam the entire 15 minutes, the speed was increased again, and so on in increments
of 10 cm/s per 15 minutes until exhaustion. Exhaustion was defined as the point where
the fish could no longer maintain a swimming position and was pushed back against the
back grill of the working section ofthe tunnel. The fish then was removed to a separate
holding tank. Individual fish were not retested in order to prevent any training effect. Tail
beats also were recorded during the trials. Starting with the first beat, the time for the
caudal fin to beat five times was recorded. The time was taken ten times. This was
repeated for every increase in velocity. These measurements were recorded for all trials
unless the fish exhausted before measurements could be taken (i.e. within sixty seconds
after the increase) or the turbidity was too high, impeding accurate visibility. The size of
fish from the individual trials was also measured upon removal from the swim tunnel to
determine if the variation within these samples could account for differential
performance.
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For the group trials, a random selection of5 fish was removed from the holding
tank and placed in the swim tunnel. The swimming procedure was the same, with a ten
minute rest period at 5 cm/s followed by increasing velocities ofincrements of 10 cm/s.
When the first fish in the group reached exhaustion, the time it swam at that velocity was
recorded and it was removed to a separate aquarium. This continued until all five were
exhausted. This process was repeated for each temperature and turbidity treatment.

Acclimation temperatures were set at 19°, 24° and 28°C, and were controlled
through the placement of aquarium heaters (2"^* Nature: Acura 1000) within the tunnel
and in the holding tank. The heater in the swim tunnel was removed prior to testing to
reduce water flow interference, but the temperature was checked with a thermometer
(Fisher Scientific) after each trial. The categories of turbidity were determined by mixing
the heaviest level of sediment in fresh water that still allowed for reasonable visibility
within the tunnel; this value was used as the highest category(20 NTU). The
concentration was then halved to obtain a medium value for the second category of
turbidity(10 NTU). Clear water was used as the base level of turbidity(0 NTU).
Turbidity was measured with a Hach Turbidometer(model # 2100A). Each level of
turbidity was conducted for a set temperature, then the temperature was raised, and the
levels of turbidity were tested again, and so on, until all categories had been tested.

A separate test was conducted in order to determine the potential for reduced
visibility in the higher turbidity trials accounting for the increase in critical swimming
speed. For this, a group test was conducted in clear water at 19°C with extremely dim
illumination, mimicking the reduced visibility in the higher turbidity trials. All the lights
in the room were turned off, and a single lamp that had been taped over to severely
15

reduce light output was placed over the tunnel. Otherwise, the running procedure was the
same as that of the other group trials.

Analysis

Fifteen-minute critical swimming speeds were calculated from the above
information using the equation:

/7crit = wl +(w2)(/l/r2)

in which u\ is the highest speed at which the fish swam the prescribed time
period, t\ is the time the fish swam at the fatigue velocity, tl is the prescribed time
period, and u2 is the velocity increment.

Data were analyzed with paired t-Tests, regression analysis, and Kruskal - Wallis
tests, where appropriate, using Microsoft Office Excel 2010 and JMP 7 software. A pvalue of < 0.5 was required for a finding ofsignificance.
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Results

Differences between individual and group trials were analyzed first, using a
paired t-Test. The fish tested at 20 NTU at 19°C showed significantly higher critical
swimming speeds when tested in groups than when tested as individuals (r(4)= 9.51,/? <
.05). This can be seen in Table 1 and Figure 2. Because the difference between most of
the group and individual trials was not shown to be significant(Table 1), for the
following statistical tests, individual and group data were pooled together -except for the
one trial exhibiting a significant difference. For this trial, only the data fi'om the
individual treatments were run together with the rest ofthe numbers.

However, a regression analysis revealed no significant effect of size on critical
swimming speed

= .02, /(I)= 27.03,/? > .05). This is demonstrated in Figure 3. As

such, size was dismissed as a potential factor in the differential values of critical
swimming speeds between treatments.

Using Kruskal-Wallis tests, a significant, positive, relationship between critical
swimming speed and turbidity emerged ((2)=8.85, p < 0.05), where critical swimming
speed increased with increasing turbidity (Figure 4). The relationship between
temperature and critical swimming speed also was shown to be significantly positive ((2)
=27.7, p < 0.05), with critical swimming speed increasing as temperature increases
(Figure 5). The average critical swimming speeds for each treatment are represented in
Table 2.
17

There was no significant difference between the group trial conducted at 19°C and
clear water in dim lighting, and the regular group trial conducted at 19°C and clear water
(/(4)= -0.02,p >.05)(Figure 6). The mean tail beat frequencies for these two trials vary
fairly widely, with the tail beat frequencies for the dark trial much higher than those for
the comparative light trial; however, these values were also not found to be significantly
different (/(2)= -2.98,/? > .05)(Figure 7).

Because there were more replicate data points of tail beat frequencies for
individual trials than for group trials, to compare the relationship between fin beats for
these two treatments, the measurements at 30cm/sec from an individual fish from the
same category were chosen at random to compare to the measurements at 30cm/sec from
the group data. Statistical analysis was performed with a paired two sample for mean tTest. There was a significant difference between group and individual caudal beats per
minute at 19°C for 0, 10, and 20 NTU (/(9)= -2.33,/? < .05, t(9)= -2.79,/? < .05, and t
(9)= -4.83,p < .05, respectively) with mean caudal beats per minute always higher for
the individuals, by at least 100 beats/min for the two lower turbidities, and greater than
200 beats/min at the highest turbidity. At 24°C there was no significant difference for
caudal fin beats per minute between group and individual treatments for 0, 10, and 20
NTU (/(9)= -1.40,/? > .05, /(9)= -1.21,/? >.05, and r(9)= 1.98,p > .05, respectively).
There was also no significant difference for caudal fin beats per minute between group
and individual treatments at 28°C,for 0, 10, and 20 NTU {t(9)= -1.43,/? > .05, t(9)1.65,p > .05, and t(9)= 0.83,/? > .05, respectively). These results are summarized in
Table 3.
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To analyze the relationship between tail beat frequencies and turbidity and
temperature, a sample of frequencies at 30cm/s was taken across all treatments. This
speed was selected because it had the highest consistency in number and reliability of
data points compared to the other speeds. Caudal fin beats for all speeds are represented
in Figures 8, 9, and 10. With the use of Kruskal-Wallis tests, it was found that tail beat
frequency increased significantly both with increasing turbidity ((2)=15.65, p < 0.05),
and increasing temperature ((2)=100.42, p < 0.05).
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Discussion

The purpose of this study was to examine the effects of turbidity and temperature
on golden shiner critical swimming speed and tail beat frequency, and how these
relationships might be altered when fish are in a group. It is important to note that
samples were heteroscedastic, therefore we were unable to distinguish unequivocally
whether or not the observed differences are the result of differences between sample
means or sample variances. Nevertheless, we report that these differences were observed.
It has been well documented that size can play a significant role in determining critical
swimming speed (Beamish, 1978; Hammer, 1995; Adams et al., 2000; Plaut, 2001;
Mateus et al., 2008), but the variation in size for the fish used in this study was not found
to be a significant factor in determining critical swimming speed. It was found that both
temperature and turbidity positively affected critical swimming speeds; critical
swimming speeds increased significantly with rising temperature and turbidity values.
Tail beat frequencies also increased with increasing temperature and turbidity, echoing
the rise in critical swimming speed. A group effect was evident only at the lowest
temperature, for the highest turbidity, but tail beat frequencies indicate greater stress
when alone at the lowest temperature for all turbidities. But neither of these trends was
present for the turbidities at the higher temperatures. The absence of a group effect at
higher temperatures and turbidities was visible in both the mean critical swimming
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speeds, as well as through statistical tests. The potential reasons and implications for the
results are discussed below.

Because fish are poikolothermic, physiological function is influenced strongly by
temperature (Myrick and Cech, 2000; Herbing, 2002; Farrell, 2007). Locomotory
performance changes with thermal acclimation through proximal mechanisms such as the
alterations in the proportion of muscle fibre types (Johnston and Lucking, 1978; Hammill
et al., 2004), the relative amounts of cellular organelles(Johnston and Maitland, 1980)
and the altered expression of hundreds of genes(Gracey et al., 2004; Podrabsky and
Somero, 2004), including isoforms of class II myosins(Watabe, 2002). The result of
these collective effects from thermal acclimation is an enhanced metabolic power and
contractile function at the new temperature (Johnston et al., 1975; 1990; Wakeling et al.,
2000; Rome and Swank, 2001). As a whole-body indicator, swimming performance is
useful because it allows for the linkage oflower-level biological and mechanical effects
such as those mentioned, with behavior and fitness(Wilson et al., 2007).

The results obtained from this study demonstrate a significant positive
relationship between temperature and critical swimming speed; increasing in tandem. Of
the three theories predicting the adaptive benefits of acclimation, these results support the
third: that fitness should improve with increasing developmental or acclimation
temperature. This trend also has been found in other cyprinid species, including carp
(Heap and Goldspink, 1986), tinfoil barbs, and river barbels(O’Steen and Bennett, 2003).

The results obtained from the turbidity trials were a bit more unusual. Critical
swimming speeds were observed to increase with increasing turbidity. However, the
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general trend seen in the literature, of which only a small portion were cited in the present
study, seems to be that turbidity, and especially suspended sediment, has a negative effect
on many areas of fish condition including vision, respiration, growth, reproduction, and
survival. The results of these other studies are particularly important in light of
anthropogenic pressures on ecosystems, such as logging and damming, which increase
the sediment load in bodies of water(Henley et al., 2000). So the question is why did the
fish in this study perform significantly better in increasing turbidity, when so many
studies indicate an overall negative effect?

The first point that can be made is that many ofthese studies focus on the long
term exposure of fish to these levels - as they would experience in nature if, say, a lake or
a river were being continuously loaded with sediment. This study did not operate under
this kind of prolonged exposure, which could have led to some discrepancies. The second
point is that the maximum turbidity used in this study(20 NTU)is relatively low in
comparison to some of the concentrations other studies used(some studies go as high at
90 NTU). It is also worth noting that these studies are concerned with the physiological
reactions of the animal; almost no studies have been done on swimming performance,
and certainly not critical swimming,so there is very little precedence in this area of
study. It is entirely possible that this phenomenon would occur in other species; there are
just very few examples of it. In fact, in the one study that could be found on increased
turbidity on pure swimming capacity in a cyprinid species, this pattern was observed
(Gradall and Swenson, 1982). The cyprinid species, creek chub, preferred highly turbid
water (56.6 formazin turbidity units-FTU) over moderately turbid water(5.8 FTU)but
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the salmonid species, brook trout, did not show a preference. But in moderately turbid
waters, both species were more active, and used overhead cover less, than in clear water.

However, regardless ofthe support(or lack thereof) of other literature, the
question remains: Why? Ofthe possible explanations for this, three have been selected as
being the most likely: biological adaptation, reduced visibility and evasive behavior.

A number of papers have attributed increased performance of various species in
turbid waters to adaptation to these conditions(Wallen, 1951; Bunt et al., 2004;
Sandstrom et al., 2005; Ribeiro and Villalobos, 2010). Golden shiner have a wide natural
distribution, including turbid waters(Ross, 2001), so it is possible that they have adapted
to turbid conditions, allowing for this heightened performance in turbid waters. However,
the studies that examine potential adaptive advantage are primarily comparing
performance between different species or orders, or populations ofa species, not focusing
on the performance of a single species against itself at different treatments. Also, this
theory only explains why critical swimming speed is higher than expected at higher
turbidities, not why performance is better in turbid water versus clear water. With a
distribution that covers a range of habitats, it would be expected that golden shiner are
adapted to clear conditions as well as turbid - leading them to have the same critical
swimming speeds in these two conditions, and not performing higher in one. As such,
this idea does not completely explain our results.

Another explanation for increased performance at higher turbidities is that the
lack of visibility conferred by the higher sediment concentration in the water decreased
the stress associated with viewing the testing apparatus and tester, allowing for greater
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performance. It has been well documented that turbid conditions decrease visibility by
absorbing and scattering light(Meager et al., 2006)and that this can significantly impact
a fish’s life history in many different ways(Gregory and Northcote, 1993; Miner and
Stein, 1996; Vogel and Beauchamp, 1999; Robertis et al., 2003; Meager et al., 2006;
Domenici et al., 2007: Engstrom and Candolin, 2007; Candolin et al., 2008; Carter et al..
2010; Wilson et al., 2010).

I attempted to test the “reduced visibility” hypothesis by swimming fish under
severely reduced light conditions and comparing their critical swimming speeds and tail
beat frequencies to clear water swimming values. These two trials were not found to be
significantly different, and so reduced stress as a result oflow visibility did not appear to
be a reason for higher performances. However, there are a number of reasons why this
may not have been an accurate test of the beneficial effects of increasing turbidity. The
most obvious reason is that because the amount of light used in the “dark” trial was not
quantified, there is no real way to compare it to turbidity levels to determine ifthe
reduction in light accurately mimicked the reduced visibility that accompanies turbidity.
The second reason is that even if the reduction oflight and the level ofturbidity were
equal, it could be that there is something about the effect of actual particles in the water
that obscures vision far more efficiently than a simple reduction of light. For example,
Robertis(2003) discusses the two mechanisms by which turbidity reduces visibility; the
first of which is lowered light intensity, but the second of which is contrast degradation.
Contrast degradation is the effect of scattered light by suspended materials reducing the
perceived difference in brightness between an object and its background, decreasing its
visibility. Some teleost fish have groups or bundles of photoreceptors, and those that do
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live in either turbid conditions or deep sea waters(Braekevelt et al., 1989), indicating that
a specialized eye is required to fully take advantage of a turbid environment. It is also
possible that the night vision of N. crysoleucas is better than we had anticipated, and so
the reduction in light was not the impediment it was intended to be, and so did not
efficiently obscure the fish’s vision. As such, lowered stress due to a lack of visibility
could not be dismissed as a potential explanation.

The third explanation for the results we obtained is that this is a result ofan
attempt to evade stressful conditions. Fish can readily disperse, and many species are
capable of simply leaving an area if turbidity increases(Barton, 1977). Avoidance of
turbid waters has been observed in several species, including juvenile coho salmon, artic
grayling, freshwater mullet(A. monticold) and rainbow trout(Cruz, 1987; Newcombe,
1994; Newcombe and Jensen, 1996). As a riverine species, it is possible that golden
shiner exhibit evasive behavior when presented with conditions that are less than
favorable, i.e. increased turbidities, and so exert a greater sustained effort in poor
conditions in an attempt to “out-swim” them. This is supported by the tail beat
frequencies, which increase with turbidity, indicating an increase in energetic output. A
combination of the latter two explanations may best elucidate why critical swimming
speeds were higher at higher turbidity.

In addition to temperature and turbidity, a group effect was also examined for its
influence on critical swimming speed across the various trials. It has been demonstrated
that golden shiner derive a benefit from swimming in a group, as reflected in critical
swimming speed (Boyd and Parsons, 1998), whether that benefit was due to a
hydrodynamic advantage or the “calming” effect of being in a group. However,
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comparisons between studies can be difficult, since fish are often kept and tested under
different conditions(Kolok, 1999; Billman and Pyron, 2005). The results from this
particular study do not reflect the conclusion that the critical swimming speed of A^.
crysoleucas increases with a group presence. The only significant difference between the
two treatments of all the conditions tested was at the highest turbidity(20 ntu) at the
lowest temperature (19°C). However, the means ofthe group treatments were
consistently higher than those of the individuals at 19°C, and the p-values for the second
highest turbidity were approaching significance, so it is possible that with a larger sample
size we would have seen the same effect as that in Boyd and Parsons(1998)for the
turbidities at the lowest temperature. Regardless, at the turbidities for the higher two
temperatures(24°C and 28°C) it was possible to see the breakdown in the difference
between the means of the two treatments; in some cases, the values were almost identical.
Additionally, none of these values were significant. This seems to indicate some effect of
turbidity and/or temperature on the breakdown of the group effect, whether it is by
decreasing the benefit of being in a group, or by selectively increasing the performance of
the individual.

Boyd and Parsons(1998)theorized that the differences observed in critical
swimming speeds between group and individuals were a result ofthe decreased
performance of the individual due to stress, rather than any particular benefit conferred
by the group. This would explain the effect breakdown if the increasing temperature and
turbidity ameliorated the stress effects on the individual, equalizing the critical swimming
speed values between the two trials. This idea is reflected by the tail-beat frequency.
which also does not differ between group and individual trials (exbept at the lowest
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temperature, where group effect is still observed), indicating either an increase in stress
of the group (which seems unlikely), or a decrease in the stress ofthe individual. It
should also be noted that increasing turbidity has been shown to affect schools of
cyprinids by reducing the group cohesiveness and increasing the activity rates
(Vandenbyllaardt et al., 1991). The decreasing group cohesiveness could account for the
observed breakdown in group effect. Incidentally, this also reflects the adaptation theory
for increased critical swimming speeds at higher turbidities; iffish commonly increase
activity output in turbid waters, then they would have the metabolic scope to
accommodate higher critical swimming speeds at higher turbidities, thereby increasing
performance.

In general, the fin beat data support the conclusions made above. Tail-beat
frequencies increase with temperature and turbidity, reflecting the rise in critical
swimming speed. This has been demonstrated in other studies as well, some even going
so far as to use tail-beat frequency as a predictor ofswimming speed (Bainbridge, 1958;
Hunter and Zweifel, 1971; Svendsen et al., 2003; Steinhausen et al., 2005; Ohlberger et
al., 2007). They also reflect the breakdown ofthe group effect, with these values
equalizing as well as critical swimming speeds, indicating that whatever advantage
groups have over individuals at 19°C, it is lost or reduced at higher temperatures and
turbidities.
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Future Work

There are a number of possible complicating factors present in a laboratory study
such as this. For example, inconsistent sampling occurred as a result ofsamples being
taken throughout the day at unscheduled times. It is possible this lack ofconsistency
affected the quality of the results. While time of day has not been shown to be a critical
factor in determining other species’ swimming performances(red snapper, Lutjanus
campechanus: Parsons and Foster 2007), golden shiner are crepuscular (Zaret and
Suffem, 1976; Hall et al., 1979; Ehlinger, 1989) and it is possible that the trials
conducted in the late afternoon to evening skewed data points in relation to the data
collected from other times during the day.

Group trials also could have been affected by an increased amount of agitation in
the tunnel by the experimenter before the trial. There was a considerable issue with test
subjects escaping the confines of the tunnel and getting into the water channels
surrounding the tunnel during the ten minute recovery time after handling and transfer
from the holding tank to the swim tunnel. The response to this behavior was to remove
the escapee from the surrounding channels as soon as possible and return it to the center
tunnel. When there was an increased number of fish in the tunnel during the group trials,
the frequency with which this needed to be performed increased, leading to potential
agitation of the fish still in the swim tunnel. It is possible this added stress decreased their
response ability. Although it has been shown in rainbow trout that fish performed
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independently of their recovery time (Peake et al., 1997), this has not been done for
crysoleucas. so it cannot be dismissed as a potential factor.

Any, none, or all of the above-mentioned factors could have played a role in the
results obtained from this experiment: not being able to control every factor that could
influence behavior is one of the complications of a laboratory-based behavioral study.
Still, this remains an interesting view on swimming behavior of a cyprinid species under
differing environmental conditions. Future work on this topic might include manipulating
the values of temperature and turbidity: further increasing them, raising one while
lowering the other, etc., to see under what conditions this beneficial impact on critical
swimming speed breaks down. Increasing sample size might also be a way to further
examine the particulars of these effects. It might also be interesting to see what effect
prolonged exposure to turbidity does to fish critical swimming speed, as this study
operated under a more acute exposure technique. Whatever the alterations, more work in
this area is encouraged, particularly in light of how pressure from human sources is likely
to continue to increase, altering the natural levels ofthese factors, and how this may
become even more prevalent in the future.
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it

Individual(mean

Group(mean

Ucrit)

Ucn.)

27.67
33.48
28.67
30.22
35.82
61.60
32.83
41.25
53.44

33.48
32.94
32.73
37.27
35.31
61.72
52.77
47.32
50.14

Turbidity(NTU)
0
0
0
10
10
10
20
20
20

Temperature(°C) Significance(p <
0,05)
19
0.32
24
0.41
28
0.7
19
0.09
24
0.32
28
0.46
0.0003 *
19
24
0.08
28
0.31

Table 1. Average critical swimming speeds of individual and group trials as they relate to
temperature and turbidity
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I

Mean U cni
30.58
33.21
30.70
33.74
35.56
61.66
42.80
44.28
51.79

Turbiditv
(NTU)'
0
0
0
10
10
10
20
20
20

Temperature(°C) Mean Ucm
19
24
28
19
24
28
19
24
28

30.58
33.74
42.80
33.21
35.56
44.28
30.70
61.66
51.79

Temperature(°C) Turbidity
(NTU)
0
19
19
10
19
20
24
0
24
10
24
20
28
0
28
10
28
20

Table 2. Average critical swimming speeds - with group and individual treatments
together - as they increase with temperature and turbidity
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Individual
(mean caudal
beats/m in)
313.37
323.48
544.29
332.12
380.99
381.26
393.74
300.95
617.23

Group(mean
caudal beats/min) Turbidity
(NTU)
210.54
0
292.75
0
449.66
0
230.63
10
356.75
10
453.71
10
175.56
20
283.02
20
569.97
20

Temperature

Significance(p < 0.05)

24
28
19
24
28
19
24
28

0.02*
0.09
0.09
0.01*
0.13
0.07
0.0005 *
0.47
0.22

m
19

I

!
Table 3. Average caudal fin beats per minute for each treatment oftemperature and
turbidity, for both individual and group trials
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Figure 1. Blazka et al. 1960 swim tunnel - half full. To the right of the picture is the
motor that picnides the current. To the left is the cap on the end of the swim tumiel with
the How meter attached.
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Figure 2. Critical swimming speeds of group and individual trials, sorted by temperature
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Figure 3. The relationship between size and critical swimming speed
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Figure 4. Critical swimming speed as it increases with increasing temperature
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Figure 5. Critical swimming speed as it increases with increasing turbidity
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Figure 8. The relationship between tail beat frequency and speed for group and individual
trials over all three turbidities at 19°C
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Figure 9. The relationship between tail beat frequency and speed for group and individual
trials over all three turbidities at 24°C
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Figure 10. The relationship between tail beat frequency and speed for group and
individual trials over all three turbidities at 24°C
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